Reactive metabolites of anti-tuberculosis (anti-TB) drugs can result in excessive reactive oxygen species (ROS), which are responsible for drug-induced liver injury. The nuclear factor erythroid 2-related factor 2 (Nrf2) -antioxidant response elements (ARE) (Nrf2-ARE) signaling pathway plays a crucial role in protecting liver cells from ROS, inducing enzymes such as phase II metabolizing enzymes and antioxidant enzymes. Based on a Chinese anti-TB treatment cohort, a nested case-control study was performed to explore the association between 13 tag single-nucleotide polymorphisms (tagSNPs) in the NRF2, KEAP1, MAFF, MAFK genes in Nrf2-ARE signaling pathway and the risk of anti-TB druginduced liver injury (ATLI) in 314 cases and 628 controls. Conditional logistic regression models were used to calculate odds ratios (ORs) and 95% confidence intervals (CIs) after adjusting weight and usage of hepatoprotectant. Patients carrying the TC genotype at rs4243387 or haplotype C-C (rs2001350-rs6726395) in NRF2 were at an increased risk of ATLI (adjusted OR = 1.362, 95% CI: 1.017-1.824, P = 0.038; adjusted OR = 2.503, 95% CI: 1.273-4.921, P = 0.008, respectively), whereas patients carrying TC genotype at rs2267373 or haplotype C-G-C (rs2267373-rs4444637-rs4821767) in MAFF were at a reduced risk of ATLI (adjusted OR = 0.712, 95% CI: 0.532-0.953, P = 0.022; adjusted OR = 0.753, 95% CI: 0.587-0.965, P = 0.025, respectively). Subgroup analysis also detected a significant association between multiple tagSNPs (rs4821767 and rs4444637 in MAFF, rs4720833 in MAFK) and specific clinical patterns of liver injury under different genetic models. This study shows that genetic polymorphisms of NRF2, MAFF and MAFK may contribute to the susceptibility to ATLI in the Chinese anti-TB treatment population.
Results
Demographical and clinical data. Between April 2014 and December 2016, 3046 newly diagnosed TB patients were initially identified from hospitals, and 2209 patients finished the anti-TB treatment. A total of 314 ATLI cases and 628 non-ATLI controls was included in present study from the cohort. Among the 314 ATLI cases, 150 patients (47.8%) had a hepatocellular type; 23 patients (7.3%) had a cholestatic type, and 40 patients (12.7%) had a mixed type of liver injury, with the rest of 101 cases classified as unclear type due to lack of test results of alkaline phosphatase (ALP). The distribution of basic characteristics between ATLI cases and non-ATLI controls are summarized in Table 1 (The basic characteristics in Table 1 has been reported in our previous study) 21 . We used 1:2 individual matching of case: control, and there was no significant difference in age, sex and treatment history, disease severity and drug dosage between the two groups. Before anti-TB treatment, all patients' liver biochemical parameters were in the normal range and there was no significant difference between the two groups (P > 0.05). However, during the treatment period, the peak serum alanine transaminase (ALT), aspartate aminotransaminase (AST) and total bilirubin levels were significantly higher in the ATLI group than in the controls (P < 0.001).
Genotype analysis. No significant deviations from the Hardy-Weinberg equilibrium (HWE) in the distributions of genotypes and alleles were observed for the eleven tagSNPs among the control group [rs2886161, χ 2 = 1.904, P = 0.168; rs4243387, χ 2 = 0.479, P = 0.489; rs6726395, χ 2 = 2.868, P = 0.090; rs1962142, χ 2 = 0.002, P = 0.960; rs2001350, χ 2 = 1.354, P = 0.245; rs1048290, χ 2 = 2.064, P = 0.151; rs2267373, χ 2 = 0.450, P = 0.502; rs4444637, χ 2 = 1.456, P = 0.228; rs4821767, χ 2 = 0.129, P = 0.720; rs4720833, χ 2 = 0.289, P = 0.591 and rs3808337, χ 2 = 0.362, P = 0.548], but not in the remaining two tagSNPs (rs11545829 and rs4608623) ( Table 2 ).
The genotype distributions of thirteen tagSNPs between ATLI cases and controls are shown in Table 3 . Patients carrying TC genotype at rs4243387 in NRF2 were at a higher risk of liver injury than with TT genotype (adjusted OR = 1.362, 95% CI: 1.017-1.824, P = 0.038). However, patients carrying TC genotype at rs2267373 in MAFF were at a lower risk of liver injury than with TT genotype (adjusted OR = 0.712, 95% CI: 0.532-0.953, P = 0.022), and these statistically significant differences were also found using a dominant model (P = 0.014) and an additive model (P = 0.022).
Haplotype analysis.
Five potential linkage disequilibrium (LD) blocks were constructed based on the r-square value and log-odds score (Fig. 1) , and statistical analysis results indicated that patients carrying haplotype C-C in block 4 (rs2001350-rs6726395, in NRF2) had a higher risk of liver injury (adjusted OR = 2.503, 95% CI: 1.273-4.921, P = 0.008), and patients carrying haplotype C-G-C in block 3 (rs2267373-rs4444637-rs4821767, in MAFF) had a lower risk of liver injury (adjusted OR = 0.753, 95% CI: 0.587-0.965, P = 0.025) ( Table 4 ).
Subgroup analysis.
The association between tagSNPs and ATLI among different clinical patterns of liver injury are shown in Supplementary Tables 1, 2, 3 and 4. Patients carrying polymorphisms of rs4444637 in MAFF had a reduced risk of hepatocellular liver injury (dominant model, adjusted OR = 0.601, 95% CI: 0.363-0.994, P = 0.047), and a similar relationship existed between polymorphisms of rs4821767 in MAFF and cholestatic liver injury (dominant model, adjusted OR = 0.250, 95% CI: 0.074-0.841, P = 0.025; additive model, adjusted OR = 0.353, 95% CI: 0.142-0.878, P = 0.025). However, patients carrying polymorphisms of rs4720833 in MAFK had an increased risk of mixed liver injury (recessive model, adjusted OR = 4.127, 95% CI: 1.054-16.16, P = 0.042; additive model, adjusted OR = 2.000, 95% CI: 1.096-3.650, P = 0.024) ( Table 5 ).
Discussion
In present study, the role of 13 tagSNPs in NRF2, KEAP1, MAFF and MAFK in the Nrf2-ARE signaling pathway were examined among Chinese anti-TB treatment patients. Two single variants, namely, the TC genotype at rs4243387 in NRF2 and TC genotype at rs2267373 in MAFF, together with two haplotypes of C-C (rs2001350-rs6726395, in NRF2) and C-G-C (rs2267373-rs4444637-rs4821767, in MAFF), were identified as www.nature.com/scientificreports www.nature.com/scientificreports/ being associated with ATLI development. To our knowledge, there has been only one study conducted in Japanese to explore the relationship of the genetic polymorphisms in the oxidative stress signaling pathway and the occurrence of ATLI 22 . In that study, Nanashima et al. performed a candidate gene-based association study between thirty-four tagSNPs in 10 genes in the antioxidant pathway and ATLI susceptibility with 18 ATLI patients and 82 controls 22 . The results revealed that a CC genotype at rs11080344 in nitric oxide synthase 2A (NOS2A), a CC genotype at rs2070401 in BTB domain and CNC homologue 1 (BACH1), and a GA or AA genotype at rs4720833 in MAFK independently conferred ATLI susceptibility 22 . Together with the Japanese study, the present study further confirms the role of related genetic polymorphisms of the Nrf2-ARE signaling pathway in ATLI. 23 , and a potential target to prevent or cure drug-induced liver injury 24 . Our study suggested that a TC genotype at rs4243387 in NRF2 is associated with increased risk of ATLI (Adjusted OR = 1.362, 95% CI: 1.017-1.824, P = 0.038). A previous functional study of polymorphisms in NRF2 indicated that genetic variants would lead to a significant reduction of NRF2 gene expression and a less efficient binding of Nrf2 to ARE, and increase the risk of acute lung injury 25 . However, the same variant was not found to be statistically significant in the Japanese study, which may be related to the low sample size 22 . The sMafs are crucial regulators of mammalian gene expression that are essential for DNA binding of Nrf2 and other processes, including the localization and stabilization of Nrf2 19, 26 . Our study indicated that TC genotype at rs2267373 in MAFF was associated with reduced risk of ATLI (Adjusted OR = 0.712, 95% CI: 0.532-0.953, P = 0.022); significant differences were also found using a dominant model (P = 0.014) and an additive model (P = 0.022). Other two tagSNPs (rs4821767 and rs4444637) in MAFF were also associated with reduced risk of specific clinical types of liver injury under different genetic models. However, the function of tagSNPs rs2267373, rs4821767 and rs4444637 in intron 1 of MAFF remains unknown. We performed bioinformatics analysis of three tagSNPs in MAFF using online database (HaploReg v4.1) 27 , and the result indicated that rs2267373, rs4821767 and rs4444637 contained H3K4me1 and H3K27ac in liver tissue, and appear to change known motifs. H3K4me1 and H3K27ac are the predominant histone modification found in nucleosomes around enhancer element, and associated with transcriptional regulation of genes 28 . Perhaps the variants in MAFF could regulate the expression of MAFF. Higher expression of MAFF facilitates it binding to Nrf2, leading to increased expression of subsequent antioxidant enzymes and reducing the occurrence of ATLI 26 . The role of these genetic variations in ATLI needs further research.
Although both the present study and Japanese study revealed that genetic polymorphisms in Nrf2-ARE signaling pathway may contribute to the susceptibility to ATLI, there are some difference between two studies. Our study indicated that tagSNP rs2267373 in MAFF was associated with a reduced susceptibility to ATLI (Dominant model, Adjusted OR = 0.704, 95% CI: 0.532-0.931, P = 0.014), whereas the Japanese study conferred tagSNP rs4720833 in MAFK was associated with an increased susceptibility to ATLI (Dominant model, OR = 3.162, 95% CI: 1.033-9.686, P = 0.037) 22 . In the present study, rs4720833 in MAFK was found to increase the risk of ATLI only in mixed patients under a recessive model (adjusted OR = 4.127, 95% CI: 1.054-16.16, P = 0.042) and an additive model (adjusted OR = 2.000, 95% CI: 1.096-3.650, P = 0.024), but not under a dominant model. Because of sequence similarity, no functional differences have been observed among the sMafs (MafF, MafG and MafK) in terms of their bZIP structures 29 . The sequencing results of each MAF gene suggested that MAFF was the most polymorphic of the MAF genes followed by MAFK, whereas MAFG had the lowest molecular plasticity 30 . Additionally, animal studies have also revealed that maff and mafk knockout mice, as well as the double knockout maff:mafk, did not have major phenotypical effects 31 . The accumulating lines of evidence unequivocally illustrated the importance and complexity of sMafs in the CNC-sMaf transcription factor network. Further research is needed on the role of these genetic variants in liver injury, especially in different ethnic populations.
This study was a nested case-control design based on anti-TB treatment cohort that decreases recall bias. The ATLI sample size in the present study was relatively large (more than our estimated minimum sample size), which allowed us to increase efficiency and control potential confounders by performing 1:2 matching. Moreover, each case was strictly assessed by experts to minimize the misclassification of diagnosis. However, there were several limitations in our study. First, we did not collect the patient histories of previous hepatitis C infection, which may affect the occurrence of liver injury. Second, due to the combination therapy strategy, we cannot explain the pathogenic mechanisms of specific drugs.
In summary, it is important to determine the relationship between genetic polymorphisms of NRF2, KEAP1, MAFF, MAFK and the risk of ATLI in the Chinese population and which genetic polymorphisms of NRF2, MAFF and MAFK may contribute to the susceptibility to ATLI. Furthermore, new studies in larger and varied populations are required to validate these relationships.
Methods
Anti-TB patients' recruitment and follow-up. The study patients were recruited from the outpatient departments of four designated TB diagnosis and treatment hospitals between April 2014 and December 2016 based on the ADACS protocol 32 . This cohort of anti-TB treatment patients has been described in our previous study 21 . In brief, before treatment, patients would finish the baseline questionnaire (sex, age, TB treatment history, sputum smear, and other complications) and receive laboratory examinations, including serum hepatitis B virus surface antigen (HBsAg), ALT, AST, direct and total bilirubin levels. TB patients received the standard anti-TB short course chemotherapy regimen under DOTS strategy, including RIF, INH, PZA, EMB and/or streptomycin (SM/S), specifically 2HRZE/4HR for primary patients and 2HRZES/6HRE for retreatment patients 32 . Patients were monitored for 6~9 months according to the treatment episode. During the anti-TB treatment, a method combining active self-recorded diaries and passive scheduled liver function tests was used to detect abnormal liver function in time. Patients were asked to self-record signs and/or symptoms of discomfort and the local supervising doctors often checked the records for potential ATLI. Patients also received the scheduled liver function tests every two weeks in the first two months of treatment or when patients had exhibited some symptoms of suspected hepatic toxicity 32 .
Patients with one or more of the following were excluded: (i) patients with abnormal serum ALT, AST or total bilirubin levels before treatment; (ii) patients with HBsAg (+) serum; (iii) patients with alcoholic liver disease; (iv) patients with concomitant use of hepatotoxic drugs or habitual alcohol consumption; and (v) patients with chronic liver disease or other diseases that can also cause elevated liver enzymes.
The study was approved by the Ethics Committee of Nanjing Medical University and conducted in accordance with the Declaration of Helsinki Principles. Written informed consent was obtained from all patients.
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(2019) 9:14311 | https://doi.org/10.1038/s41598-019-50706-y www.nature.com/scientificreports www.nature.com/scientificreports/ ATLI Cases and non-ATLI controls selection and matching. A nested case-control study was conducted based on the dynamic cohort. The diagnostic criteria of ATLI was proposed by the international consensus meeting, namely, an increase in ALT levels greater than two-times of the upper limit of normal (ULN), with/without a combined increase in AST and total bilirubin levels, provided that one of them was more than two-times of ULN during the treatment 33 . Furthermore, the causality assessment result was certain, probable or possible based on the WHO Uppsala Monitoring Center system 34 . Each ATLI case was also strictly reviewed by experts from the local ADR monitoring center. Pattern of ATLI was defined by R value where R = (ALT/ULN)/(ALP/ULN) 35 . If R ≥ 5, then the pattern was hepatocellular. If R > 2 and <5, then the pattern was mixed. If R ≤ 2, then the pattern was cholestatic.
The patients who did not meet the ATLI criteria were considered candidate controls. For every ALTI case, two control patients were matched by sex, age (±5 years), treatment history, disease severity and drug dosage.
Sample size calculation.
The sample size in present study was calculated using the Quanto statistical program (version 1.2.4, University of Southern California, USA) 36 . Based on our previous matched case-control study of ATLI, the effect size (odds ratio) was set at 2.0 with at least 90 percent power under the dominance model. Moreover, the minor allele frequency (MAF) was set at 10 percent, with a type I error level of 0.05. The incidence of ATLI in the Chinese anti-TB treatment population was 11.9% 32 . Finally, the sample size of the two groups was 253 ATLI cases and 253 non-ATLI controls.
TagSNPs selection and genotyping. TagSNPs in five genes (NRF2, KEAP1, MAFF, MAFK and MAFG)
were selected from the Haploview software 4.2 (Broad Institute, Cambridge, MA, USA), based on the Chinese Han population data of Hapmap and the following criteria: (i) MAF ≥5% in Chinese population; (ii) r-square of pairwise linkage disequilibrium (LD) ≥0.8. As a result, fourteen potential tagSNPs were selected for genotyping using the Sequenom MassARRAY iplex Platform (Sequenom Inc., Hamburg, Germany). However, one tagSNP in MAFG (rs148165792, MAF = 7.3%) was excluded from the study due to a failed probe design. Technicians who performed the genotyping were blinded to the status of case and control. More than 10% of samples were selected randomly for repeated experiments with repeatability of 100%. The overall genotyping success rate was 100%. As a result, 13 tagSNPs of four genes were analyzed in present study ( Table 2 ).
Statistical analysis.
Distributions of demographic and clinical characteristics among two groups were evaluated by two-factor analysis of variance test (for normal continuous variables) or nonparametric test (for non-normal continuous variables), or by chi-square test (for categorical variables). Hardy-Weinberg equilibrium (HWE) in the control group was assessed by the chi-square test. Haploview software 4.2 was used to select haplotype blocks in consideration of the LD between SNPs in each gene. PHASE 2.1 was used to estimate haplotype frequencies for different gene. Multivariate conditional logistic regression model was used to analysis the genotype frequency differences between two groups. Three different genetic models (additive model, dominant model and recessive model) were used to comprehensively analyze the effect of tagSNPs. The association between genotypes and the risk of ATLI was estimated by odds ratios (ORs) and 95% confidence intervals (CIs), with weight and usage of hepatoprotectant as covariates. All statistical analyses were performed using the SPSS 20.0 (IBM Inc., Chicago, IL, USA). A two-tailed P-value < 0.05 was considered statistically significant.
